Background Research has demonstrated an association between low birth weight (LBW; ,2500 g) and adverse intelligence quotient (IQ) outcomes in childhood and early adolescence. We systematically evaluated whether this association persists into late adolescence and early adulthood and also assessed the influence of age of IQ assessment on effect size.
Introduction
Advances in perinatal care have increased survival rates for individuals born low birth weight (LBW; ,2500 g); 1,2 however, LBW is associated with adverse outcomes, including an increased incidence of medical conditions 3, 4 and behavioral problems. 5 LBW children also exhibit deficits in cognitive outcomes, such as lower general intelligence, when compared with their normal birth weight (NBW) peers. 6 -10 Less is known, however, about whether or not this association persists indefinitely. This gap in the literature serves as the impetus for this research.
Past research has demonstrated that general intelligence is a strong predictor of socioeconomic outcomes, such as education, occupation and income, 11 and is associated with longerterm benefits, such as a healthy lifestyle. 12 Given the apparent benefits of higher intelligence, its association with birth weight is worthy of investigation. Kerr-Wilson, MacKay, Smith and Pell 13 conducted a meta-analysis of 27 studies to evaluate the association between preterm delivery and intelligence in childhood and early adolescence. They found that the average intelligence quotient (IQ) for children and early adolescents born preterm (and therefore mostly LBW) was 11.94 points lower than full-term participants (P , 0.001), based on a mean of 100 and a standard deviation of 15. These findings suggest that there is a strong association between LBW and IQ when measured in childhood and early adolescence; however, this association has yet to be systematically assessed among older adolescents and adults. Many preterm babies are born LBW and vice versa. According to Berkowitz and Papiernik, 14 39% of preterm babies are born LBW, and the more recent 2010 National Vital Statistics Report, 15 produced by the US Center for Disease Control, shows that 45% of babies born under 37 weeks were ,2500 g. Despite this overlap, there may be differences in the influence of LBW and prematurity on IQ. Babies born preterm are generally at a greater risk of medical problems (e.g. breathing difficulties and increased susceptibility to infection at birth, as well as developmental disabilities) compared with babies born at term (i.e. 37 weeks gestation), whose organs are more mature, and thus are often able to eat, maintain homeostasis and fight infection better than babies born preterm. 16 Furthermore, some evidence suggests that the cognitive problems associated with LBW children may persist throughout later developmental stages, 17 -24 whereas other evidence indicates that these cognitive differences lessen over time. 2,25 -27 For example, Løhaugen et al. 20 found that 19-year-olds born very LBW scored 15 IQ points lower than their NBW comparison group. In contrast, Monset-Couchard et al. 25, 26 found that IQ scores in LBW individuals increased over time, which may indicate that these individuals exhibit cognitive 'catch-up' to their NBW counterparts. In addition, Tideman 27 and Weisglas-Kuperus et al. 2 did not find a significant difference in IQ scores between LBW and NBW individuals when assessed in late adolescence and early adulthood, which also implies that cognitive discrepancies between LBW and NBW individuals may decrease over time. Such contradictory findings in the literature suggest the need for a systematic review.
Moderating variables, such as participant characteristics, may provide some explanation for inconsistent findings. For instance, age of IQ assessment may moderate the relationship between birth weight and intelligence, as some studies have found that IQ scores for LBW individuals change with age. 25, 26 To evaluate the influence of age of IQ assessment on the observed effect size, we extracted data from a related meta-analysis, Kerr-Wilson et al., 13 that included information on children, merged it with our data on adolescents/adults (Stage 1) and then performed a meta-regression to evaluate the effect of age of IQ assessment (Stage 2). The year of infant birth may also affect this relationship, given that environmental factors, such as perinatal technological advances, might foster or impede cognitive development over time. 1 In addition, gestational age and birth weight might influence the relationship between LBW and IQ, as greater prematurity and lower birth weight have been shown to be related to an increased risk of cognitive deficits. 7, 28, 29 Although a strong association between LBW and IQ exists from childhood to early adolescence, 13 this association has yet to be systematically explored beyond this age. As such, we extend previous work by assessing the degree to which LBW-associated IQ disadvantages persist beyond childhood and early adolescence into later adolescence and early adulthood, as well as the influence of several potential moderating variables.
Method Inclusion criteria
Six inclusion criteria were used to screen articles. (1) Articles were empirical and compared LBW babies with a NBW comparison group. Birth weight was categorized as LBW (,2500 g) and NBW (2500 g) 30 and gestational age was categorized as preterm (,37 weeks) and full-term (37 -42 weeks). (2) Age ranges included adolescents (13 -18 years of age) and adults (19 years of age). (3) Articles used a standardized and global measure of full-scale IQ (i.e. to reduce potential error that could result from including articles that used invalid and/or inaccurate IQ assessment measures). 31 Psychometrically sound abbreviated scales that provided an estimate of full-scale IQ were eligible. (4) Samples included population-representative participants, meaning that is studies that focused exclusively on special populations (e.g. children with hydrocephalus) were ineligible. (5) Articles provided the necessary information for calculating an effect size. Where required information was absent, we contacted the authors by email. Of the 15 email requests sent, four authors responded with usable data. (6) Full-text articles that were accessible via the University library system and written in English were included.
Study selection
A literature search for published and unpublished studies was conducted for articles available until February 2011. Study selection was completed by all four authors. Each database was searched by one author and checked by a different author. Relevant studies were identified in PsychINFO, PubMed, Ovid, CINAHL, ProQuest and ERIC databases. Key truncated search terms included 'birth weight', 'premature', 'preterm', 'full-term' and 'gestation' with 'intelligence', 'IQ', 'mental ability' and 'intellect' with 'adult', 'adolescent' and 'teen'.
This strategy generated 2185 titles, and all abstracts were reviewed (i.e. 468 from PsycINFO, 321 from PubMed, 99 from CINAHL, 544 from Ovid, 715 from ProQuest and 38 from ERIC). Articles were excluded if the abstract indicated that the study failed to meet one or more inclusion criteria. Of the 395 eligible articles, 81 were duplicates and 26 articles were inaccessible. As a result, the full-text articles for 288 studies were retrieved and coded for relevant information (Fig. 1) . These articles were further screened to ensure that they met the inclusion criteria mentioned above and that the same sample was not used more than once (i.e. when two studies used the same sample, the study with the largest sample size was included). A total of 15 articles ultimately met criteria and were included in the meta-analysis (Stage 1).
Variable coding
All studies that met inclusion criteria were coded for effect size and potential moderator variables. To assess inter-rater reliability, 7 (47%) of the 15 studies were randomly selected and re-coded by a different member of the research team; reliabilities (intraclass: r 1 or kappa: k) are listed below.
Effect size variables
Six variables were coded for the main effect size analysis: (1) LBW IQ mean (r 1 ¼ 1.00), (2) LBW IQ SD (r 1 ¼ 1.00), (3) NBW IQ mean (r 1 ¼ 1.00), (4) NBW IQ SD (r 1 ¼ 1.00), (5) LBW sample size (r 1 ¼ 1.00) and (6) NBW sample size (r 1 ¼ 1.00). If required, IQ scores were converted to a mean of 100 and a standard deviation of 15.
Participant characteristics
We coded four socio-demographic participant characteristics as potential moderators: (1) year of infant birth (r 1 ¼ 0.99), (2) LBW mean gestational age (r 1 ¼ 1.00), (3) LBW mean birth weight (r 1 ¼ 1.00) and (4) mean or median age of IQ assessment (r 1 ¼ 0.98). The mean or median age of IQ assessment was calculated depending on the information provided, and averaged across LBW and NBW groups.
Variable coding for the Kerr-Wilson et al. 13 
meta-analysis
Seven studies from the Kerr-Wilson et al. 13 meta-analysis were not included in the present analysis because either they were already included in our analysis or they failed to meet our inclusion criteria. Of the 20 articles extracted (Table 1) , 5 (25%) were randomly selected to be re-coded for effect size and moderating variables. Results of an inter-rater reliability analysis revealed consistency between research teams. Specifically, seven variables were re-coded for the analysis examining the effect of LBW versus NBW on IQ in the Kerr-Wilson et al. 13 article: (1) LBW IQ mean (r 1 ¼ 1.00), (2) LBW IQ SD (r 1 ¼ 1.00), (3) NBW IQ mean (r 1 ¼ 1.00), (4) NBW IQ SD (r 1 ¼ 1.00), (5) LBW sample size (r 1 ¼ 0.99), (6) NBW sample size (r 1 ¼ 1.00) and (7) age of IQ assessment (r 1 ¼ 0.99).
Statistical analyses
All variables were entered into the comprehensive metaanalysis (CMA, Version 2) program. 32 Using a random-effects model, we calculated the mean difference in IQ between LBW and NBW groups (D) for each study, and then combined these Titles and abstracts pulled and screened n = 2185
Excluded n = 1790
Articles not found n = 26
Duplicates n = 81
Excluded n = 254
No IQ data provided n = 17
No measure of global IQ n = 56
Special population n = 27
Inappropriate age n = 70
Improper measure of BW n = 16
Improper IQ assessment tool n = 25
Mean IQ on partial sample n = 3
Not empirical study n = 22
Studies meeting inclusion criteria n = 15
No LBW group n = 2
No NBW group n = 16
Articles searched and evaluated for eligibility n = 395
Full articles retrieved and coded for relevant information n = 288
Fig. 1. Flow chart of study selection process. 
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values to estimate the weighted average effect size across studies. To examine heterogeneity, we consulted Q and I 2 statistics. The random-effects model was used because, unlike the fixed-effect model, it does not assume that all studies in the analysis share one true effect size. 33 Thus, the random-effects model allows the true effect to vary across studies according to, for instance, participant characteristic moderators, which can influence the magnitude of observed effect sizes. Under this model, the goal is to estimate the mean of this distribution, and study weights are assigned to minimize two sources of variance: within-study error in estimating the effect size of each study and variation in the true effects across studies. Moderator analyses were conducted using random-effects univariate meta-regressions (with method of moments).
Results
Descriptive statistics
Stage 1 (meta-analysis of data on adolescents/adults) included 15 studies with 2166 LBW adolescents/young adults and 21 986 NBW comparisons ( 39 There was concern that the Ehrenstein et al. 40 data played a predominant role in influencing the omnibus results given its large sample size and the fact that it is confined to a single population; however, little change to the overall effect was observed when a sensitivity analysis was conducted (see Supplementary data, Table S3 ). Therefore, the data discussed here include the Ehrenstein et al. 40 data. Figure 2 depicts the effect size, SEM and CI statistics for each study. In addition, significant heterogeneity was detected among study effect sizes, Q (14) ¼ 47.93, P , 0.001, and the I 2 value indicated that 70.79% of the observed variance was These babies were born full-term, and therefore, there is likely a large proportion of NBW babies in this sample. Continued explained by true differences between studies, which supported the decision to explore potential moderating factors.
LOW BIRTH WEIGHT AND INTELLIGENCE IN ADOLESCENCE AND EARLY ADULTHOOD
Moderators
As shown in Supplementary data, Table S3 , which contains univariate meta-regression data for all moderators, neither the gestational age of LBW individuals nor their birth weight significantly predicted the difference in IQ between LBW and NBW adolescents and adults. However, the year of infant birth predicted the strength of the effect size; studies on individuals born more recently showed a stronger association between birth weight and IQ, Q model(1) ¼ 5.73, P ¼ 0.02, T 2 ¼ 4.42. LBW infants born more recently may have benefited from advanced medical practices which increased the odds of survival for more impaired neonates 1 and, as a result, may have led to larger differences in IQ scores between LBW and NBW individuals.
Age at IQ assessment was not a significant moderator for the studies included in our analysis (Stage 1). However, given the restriction of age range in the studies included in the Allin et al. 77 Breslau et al. 44 Ehrenstein et al. 40 Gäddlin et al. 79 Hallin et al. 80 Kontis et al. 81 Löhaugen et al. 20 Mullen et al. 82 Nosarti et al. 83 Nosarti et al. 84 Rickards et al. 18 Samuelsson et al. 85 Schothorst et al. 86 Sörensen et al. 45 Overall Lower Upper Fig. 2 . Random-effects meta-analysis of the standardized mean difference in full-scale IQ between LBW and NBW individuals for each study.
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analysis, we merged our data with the child and young adolescent data from Kerr-Wilson et al. 13 (Table 1) to evaluate the influence of age of IQ assessment on the observed effect size (Stage 2). With the combined data, age at IQ assessment significantly moderated the association between birth weight and IQ such that the IQ difference between LBW and NBW individuals decreased from childhood into young adulthood, Q model(1) ¼ 11.01, P , 0.001, T 2 ¼ 11.58. Supplementary data Fig. S3 depicts the negative association between age of IQ assessment and the magnitude of observed effect sizes.
Publication bias
Additional analyses were performed to assess the extent of publication bias. Rosenthal's 41 classic fail-safe N was conducted to assess whether or not the overall effect was robust (i.e. not merely an artifact of bias). This test provides the number of studies with a mean effect size of zero that would be necessary before the overall effect found in the meta-analysis would become statistically non-significant. If only a small number of studies are needed to negate the effect, then there is cause for concern; in contrast, if a large number of studies would be needed to negate the effect, then there is less cause for concern. In the case of our analysis, Rosenthal's 41 classic fail-safe N indicated that 940 studies with a mean effect of zero would be necessary before the observed cumulative effect would become statistically non-significant. This suggests that our findings are robust and that it is unlikely that the true effect is non-zero.
In addition, Duval and Tweedie's Trim and Fill procedure 42, 43 was used to estimate what the effect size would have been in the absence of bias (Supplementary data, Fig. S4 ). With a basic funnel plot, which plots effect size estimates against variance, we expect bias to increase as sample size decreases; thus, a symmetrical funnel is observed when publication bias is not present, whereas an asymmetrical funnel is formed when potential publication bias is present. The trim and fill procedure is an iterative procedure that infers the existence of unpublished studies by selectively removing extreme effect sizes from small studies from the positive side of the funnel plot, and replacing them with imputed scores to produce a more symmetrical funnel plot about the newly derived overall effect size, resulting in a less-biased estimate of the overall effect size. Thus, the purpose of presenting the Duval and Tweedie funnel plot is to visually depict the difference between the observed effect size and the adjusted effect size. In our analysis, the adjusted point estimate was 4.98 (compared with the observed point estimate of 7.63), CI ¼ 3.20 -6.77, resulting in a 2.65-point reduction in the IQ score difference between LBW and NBW individuals. Overall, evidence suggests that our findings are reliable, but that publication bias may have exaggerated the observed effect size.
Discussion
Main findings of this study . This association must, however, be interpreted with caution due to uncontrolled and unmeasured variables, such as socio-economic status (SES)-described further below-as well as the influence of publication bias. Once adjusting for possible publication bias, NBW samples demonstrated an IQ score that was still 4.98 points, or one-third of a standard deviation of normed IQ data, higher than LBW samples. This finding is consistent with multiple studies that have demonstrated an increased risk for various cognitive difficulties among LBW adolescents and adults. 18, 44, 45 Furthermore, current findings reveal that LBW-associated cognitive impairments extend beyond childhood, throughout adolescence and into early adulthood, but that these cognitive differences between LBW and NBW groups lessen over time.
What is already known on this topic and what this study adds
Many detrimental effects, including decrements in IQ, have been associated with LBW. 3, 4 A previous meta-analysis 13 demonstrated that preterm births are linked to lower IQ scores in childhood and early adolescence, when compared with NBW individuals. We extended the scope of Kerr-Wilson et al.'s 13 investigation by exploring the association between LBW and IQ across adolescence and into early adulthood. In addition, current findings also help to resolve inconsistencies in the literature by providing systematic evidence that LBW-associated cognitive problems lessen with age.
Although the present findings demonstrate a significant difference between the IQs of LBW and NBW individuals, the size of this discrepancy varied significantly across studies, with several variables moderating the effect sizes. For example, the year of infant birth emerged as a significant moderator and was associated with an increased effect size; LBW infants born more recently may have benefited from more advanced medical practices, which increased the odds of survival for more impaired neonates 1 and, as a result, may have led to larger differences in IQ scores between LBW and NBW individuals.
Contrary to previous findings that IQ is impacted by both birth weight 7 and gestational age, 29 the current study did not provide evidence to suggest that the severity of LBW or prematurity impacts IQ differences between LBW and NBW individuals. Given the small number of studies included in these moderator analyses (n ¼ 11 studies for birth weight and n ¼ 10 studies for gestational age), findings should be interpreted with caution.
Using our initial sample of studies that assessed IQ differentials among adolescents and young adults, we did not find that age of IQ assessment was a significant moderator. However, this meta-regression was based on individuals with a restricted age range, which may have limited the ability to detect significance. The purpose of Stage 2 (meta-regression to assess the effect of age) was to capture the changes in IQ difference scores over a broader timeframe. Pursuant of this goal, we merged our data with those of Kerr-Wilson et al., 13 who examined the association between preterm delivery and IQ among children and young adolescents. With the expanded sample, age of IQ assessment emerged as a significant moderator, in that the difference in IQ between LBW and NBW individuals decreased as age at the time of IQ assessment increased. Therefore, although our findings reveal IQ differentials between LBW and NBW adolescents and young adults, they also suggest that this difference lessens over time, which supports previous evidence of cognitive catch-up for LBW individuals. 2, 25, 26 The results of this meta-analysis have both clinical and educational implications. First, in terms of clinical implications, preventative measures to minimize LBW births should be adopted, such as encouraging expectant mothers to avoid smoking, drinking and other drug use, as well as promoting the importance of prenatal healthcare, the consumption of a nutritious diet, prenatal vitamins and probiotics (i.e. to minimize bacterial vaginosis) among pregnant women. 46 -48 Despite these preventative measures, however, LBW births will still occur, which may cause anxiety and depressive symptoms among these parents. 49 As such, information from the current meta-analysis about the narrowing gap in cognitive abilities between LBW and NBW individuals across the young lifespan can be provided to parents of LBW babies by obstetricians and general practitioners to help alleviate some of these potential adverse clinical symptoms. Parents can also be empowered by being informed of the effectiveness of special education programs in helping LBW children improve upon cognitive and academic skills that are identified problem areas, although more targeted approaches may be needed, depending on one's weight at birth. 50, 51 The educational implications of the present meta-analysis highlight the importance of careful assessment to identify the personalized educational needs of LBW individuals across the entire lifespan. Notwithstanding the apparent catch-up shown in the current meta-analysis, a meaningful cognitive difference between LBW and NBW individuals persists beyond childhood and is still evident in early adulthood. Given this, regular assessment of cognition among those born LBW will allow for improved identification of those individuals with specific deficits. Remedial programs can then be tailored with those challenges in mind to help better facilitate improvement, 52 thereby further minimizing the IQ difference between LBW and NBW individuals.
In the current analysis, a 7.63 difference in IQ points (unadjusted) was found between LBW and NBW individuals, indicating that about half of a standard deviation separates the two groups (given the population standard deviation of 15). This difference represents a medium (0.50) effect size. 39 After controlling for publication bias, this difference is 4.98, or 0.33 of a standard deviation, representing a small-to-medium effect size. 39 The important contribution of this meta-analysis is to demonstrate, systematically, the trend of a decreasing difference in IQ between LBW and NBW individuals from childhood to young adulthood, contrary to other reports that suggest a widening of this cognitive gap over time. 24 This finding, however, is just a starting point in this area of research; we have identified a trend, but we do not yet know the degree to which this difference will decrease over an even broader timeframe. Related to this, our findings highlight the need for carefully controlled studies on the association between IQ and birth weight among middle-aged and older adult populations. Studies on aged samples need to be conducted so that they may be included in future meta-analyses-the results of which will hopefully continue to inform educational practices across the entire lifespan.
Limitations of this study
Although this meta-analysis makes a strong contribution to the literature, several limitations warrant attention. Two potentially important moderating variables, infant mortality rate (IMR) and SES, could not be analyzed. First, IMRs have declined worldwide due to medical advances in prenatal/postnatal care 1, 53 and, therefore, it is possible that LBW infants born more recently have an increased likelihood of survival and thus that this increase in the proportion of LBW births would give rise to growing discrepancy in IQ between LBW and NBW individuals. Given that we could not access LBW-specific IMRs, the year of infant birth was used as a rough proxy. Our analysis revealed that more recent studies showed greater discrepancies in IQ between LBW and NBW adolescents and adults, compared with earlier studies. As such, this finding may be the result of a greater proportion of severely LBW individuals in more recent studies because of decreased selection bias by vital status (i.e. more advanced medical practices, which increased the odds of survival for more impaired neonates), which may, in turn, have led to larger differences in IQ scores between LBW and NBW individuals. In the absence of LBW-specific IMRs across the countries included in our analysis, however, we cannot assess this possibility.
Also, SES data were not consistently measured across studies, making moderation analyses impossible. This is unfortunate because SES has been shown to affect IQ stability over the lifespan. 54 Furthermore, social class and birth weight, in combination, have been linked to childhood cognitive ability. 55 Perhaps LBW children from higher SES families may have a greater chance of 'catching-up' cognitively, compared with those from lower SES families, as a result of greater educational opportunities afforded by their financial situation. However, a moderation analysis performed to compare the overall effect size of studies that adjusted for SES (n ¼ 5) and those that did not (n ¼ 10) indicated no significant difference in effect sizes between the two groups (P ¼ 0.10; results not presented). Future related studies should endeavor to use common and validated measures of SES.
Another potential limitation is that the LBW category in our analysis does not exclusively include preterm infants. While some articles specified that they solely assessed preterm LBW infants, others did not specify this information and so we do not know whether or not the LBW infants were in fact preterm. However, another moderator analysis that we conducted detected no significant difference between the effect sizes of studies that specified premature LBW infants (n ¼ 9) and those that did not (n ¼ 6; P ¼ 0.15; results not presented).
Finally, available literature encompasses a restricted upper limit with respect to the age of IQ assessment (i.e. maximum sample age, M ¼ 22.25 years). The lack of samples representing middle and older adult populations precludes the investigation of this effect beyond early adulthood. Studies on older populations, which failed to meet inclusion criteria for this analysis, indicate little or no association between LBW and cognitive performance. 56 -58 This finding may well be due to a continually diminishing association between birth weight and cognitive function over time-which might ultimately dissipate to non-significance-but, in the absence of a broader systematic review, the changes in this effect across the entire lifespan remain unknown. Future research should investigate the effect of LBW on IQ among middle to older adults, ideally employing a longitudinal design.
Supplementary data
Supplementary data are available at the Journal of Public Health online.
